We report separate experimental and theoretical studies that follow the equilibration of highly excited LiH (v=10;J=2) in H2 at 680K. Experiments that follow the time evolution of state-tostate population transfer in multi-collision conditions were carried out by Shen and co-workers at Xinjiang University and East China Institute of Science and Technology with µs resolution. At the same time, theoretical computations on the relaxation of this gas mixture were undertaken by McCaffery and co-workers at Sussex University. Rapid, near-resonant, vibration-vibration energy exchange is a marked feature of the initial relaxation process. However, at later stages of ensemble evolution, slower vibration-rotation transfer processes form the dominant relaxation mechanism. The physics of the decay process are complex and, as demonstrated experimentally here, a single exponential expression is unlikely to capture the form of this decay with any accuracy. When these separate studies were complete, the evolution of modal temperatures from the Sussex calculations were compared with experimental measurements of these same quantities from Shanghai and Urumqui. The two sets of data were found to be identical to within experimental and computational error. This constitutes an important experimental validation of the theoretical/computational model developed by the Sussex group and a significant experimental advance by the group of Shen et.al. 
Introduction.
Research into the fundamental processes of collision-induced, energy transfer in the gas phase has a long history that is chronicled in a number of significant monographs [1] [2] [3] [4] [5] and an extensive literature of research publications and reviews. Much experimental activity has involved the development of methods for creating single collision conditions through e.g. the use of molecular beam technology, to establish precise cross-sections and rate constants for the state-tostate transitions that constitute the elementary acts of collisional energy transfer. In a closely related strand of development, the application of lasers in collision dynamics experiments is now very widespread, extending the means by which accurate state-to-state rate constants and crosssections may be measured for molecules in ground or excited states. In parallel to the evolution of experimental collision dynamics, there has been a similarly rapid and extensive development of theoretical methods of calculating state-to-state, single collision events, with a major early impetus provided by the formulation of a quantum scattering theory for atomdiatom collisions by Arthurs and Dalgarno 6 representing a theoretical benchmark. This emphasis on isolating the outcome of the single binary collision reflects the difficulty of experiment and of the standard theoretical methods that are widely used. Close Coupling calculations, classical trajectory methods and other variants are highly computer-intensive. As a result, real-life, multi-collision environments such as those found in planetary atmospheres, industrial plasmas etc. have, for the most part, been considered intractable at the most fundamental level. This is not wholly surprising. Gas phase energy transfer is a state-to-state process and typical gas ensemble may be one in which the collision rate exceeds 10 9 s -1 Any attempt to model such an ensemble requires a fast, accurate collision theory and a method of tracking rotation and vibration population distributions throughout ensemble evolution. The experimental study of the multi-collision environment and the pathways of energy transfer in 3 large gas volumes also represent a daunting task that requires determination of quantum state population changes as a function of time on, at least, the µs scale. molecule, gas ensembles containing up to three different diatomic species. This development suggested that, for the first time, it might be possible to predict the quantum state-resolved pathways and outcomes of energy transfer in large gas mixtures computationally. This program has been used in a number of studies of energy flow in gas ensembles containing a small fraction of highly excited diatomic molecules in a variety of atomic and diatomic bath gases. [8] [9] [10] [11] [12] The evolution of these ensembles was followed to equilibrium in a series of collision cycles in which vibrational and rotational populations, as well as modal temperatures of vibration, (Tv) rotation (Tr) and translation (Tt), are available after each collision cycle or group of collision cycles. The result has enhanced insight into the principal energy relaxation mechanisms in the multi-collision regime. The computational/theoretical model used for calculating state-to-state collision-induced transition probabilities in gas ensembles is based on the angular momentum (AM) model 13, 14 of collision-induced, state-to-state energy transfer. In this method, in which the principal features were guided by experimental findings, the probability of converting linear-to-angular momentum (rotational and orbital) is calculated directly. This method results in a very simple form of mechanics in which the calculation of rotational transfer cross-sections is very fast and accurate.
In a separate, but related, development, the group of Shen et al. 
Experimental methods
The apparatus used for the experiments is shown in Fig.1 
scanning the cw probe laser over the transition, while the ICCD detected spectral line intensities and line shapes via the Fabry-Perot interferometer. The time between the end of the OPO pulse and the centre of the ICCD detection window, which is henceforth referred to as the "time delay" was varied. Using these techniques, clear and unambiguous pictures of the time evolution of the spectral line intensities and shapes were obtained.
3 Experimental results
Near-resonant V-V transfer
LiH (10,2) was excited by DSHRP. The diode laser intensity was reduced to 0.1 using filters (see Fig.1 ). The transmitted intensity Iv (L) of the diode laser beam through vapour of length L is given by Values of Nv<10 were acquired by replacing the diode laser with a titanium sapphire (TiSa)
laser. This was used to excite LiH (v 10,2) vibrational states by two-photon transitions with LIF detected by the ICCD. The measured LIF intensity Iv is proportional to Nv. Using the XA data of Table 1 , Nv<10 were obtained.
In a mixture of LiH (v=10) and H2 (v=0) the following processes are near resonant:
LiH ( In order to demonstrate that the resonant energy exchange process (3a) really is essential for energy transfer between LiH (v=10) and H2, the time-profile of LiH (v=6) was measured following excitation of LiH (v=10). The result is shown in Fig.6 where two peaks are seen. The first peak is the result of multi-quantum (MQ) vibrational relaxation from v=10 to v=6
while the broader, lower, second peak is caused by transitions v=10 v=9 v=8 v=76 transfer, referred to as sequential, single quantum relaxation (SSQ). 
Rotational (Tr) and translational (Tt) temperatures of LiH (10,2) in H2.
Laser-induced fluorescence (LIF) intensities for individual rotational states of LiH (10, J)
were measured following excitation of LiH (10;2). These intensities were integrated over 
3.3.Tv of the H2 bath gas
Due to the processes described in detail in sections 3a and 3b, we may assume the populations of H2 (v=1), H2 (v=2), and H2 (v=3) approximately equal those of LiH (v=6), LiH 
The computational model.
The computational model used by the Sussex group to follow state-to-state energy transfer in the LiH (10;2) in H2 (0;0) 1:10 ratio mixture through series of collision cycles, was briefly referred to in the Introduction section. A number of recent publications [8] [9] [10] [11] [12] have described the basis of the model and how it is used, and only a brief description is given here. The system of mechanics used for determining the outcome of individual diatomic-diatomic, or atom-diatomic collisions is the angular momentum (AM) model of collision -induced state change. This fast, accurate, theoretical method was developed by McCaffery and co-workers 13, 14 following a series of experiments designed to reveal the motive force for quantum state change in molecular collisions. These experiments, and the conclusions drawn from them, have been described in a recent review. 19 It was concluded that the principal driving force in diatomic -diatomic, and atom -diatomic energy transfer collisions is momentum change, particularly linear-to-angular (orbital and rotational) momentum conversion. In the AM model, the probability of angular momentum change is calculated directly within constraints set by state-to-state and overall energy conservation. The result is a fast, accurate method of calculating rate constants and/or cross-sections for state-resolved energy transfer.
The AM method forms the basis of a multi-collision, computational model of energy transfer in large ≤ 10 4 molecule, gas ensembles containing up to three different species that was developed by Marsh and McCaffery. 7 In this computer program, molecules of a chosen species are set initially to be in specific, excited rovibrational states at a specified collision energy or Boltzmann distribution at specific temperature. Pairs of molecules are selected for collision at random following which, the post-collision quantum state populations are recorded. This process is carried out 10 4 times to constitute a single collision cycle.
Collision cycles may be repeated singly or in groups. After each, the ensemble component data that are available for download include vibration and rotation state populations for each species present and the modal temperatures of each. When plotted against number of collision cycles, the modal temperatures are useful in visualising the equilibration process as they compress a large amount of data into a single set of quantities, the Tm for each constituent.
In the case of the ensemble considered here, LiH (10;2) is present as a 1:10 ratio component in a bath gas of H2 (0;0) at collision energy 680K. Calculations were carried out in the manner described above and the evolution of modal temperatures of LiH and that for Tv of H2, the bath gas, are shown in Fig.12 . As discussed above, these data are initially computed in terms of modal temperature as a function of number of collision cycles. The results are straightforwardly converted to a µs scale for comparison with the experiment using the gas cell pressure reported by Shen et al.
Discussion and Conclusions.
This work describes two different approaches, one theoretical and the other experimental, each designed to follow state-to-state energy transfer in multi-collision gas phase environments. Studies carried out thus far suggest that much can be learned about energy flow in gas ensembles from such research. The experiments described above, and earlier 13 studies by Shen et al. 15 have demonstrated it is possible to follow the equilibration of gas mixtures containing highly excited molecules with state-to-state resolution. This experimental advance, and the closely related theoretical modelling of relaxation of excited molecules in the multi-collision environment by McCaffery et al., [8] [9] [10] [11] are of wide significance as they demonstrate that the fundamental state-to-state processes of energy transfer between molecules in highly excited states may be identified and predicted, even when these molecules are minority components in large gas volumes. This takes the field of experimental and theoretical collision dynamics beyond the single collision regime, indicating that it is feasible to have detailed understanding of energy transfer in gas ensembles of technological, industrial, environmental and interstellar interest. The experimental study of equilibration of LiH (10;2) in H2 (0;0) described above, represents a detailed and thorough, multi-experimental investigation in which key elements are rigorously examined.
In Note that the data were initially computed in terms of collision cycles and converted to graphs of Tm versus pump-probe delay time using the experimental gas pressures reported by Shen et al. .
